A laser-optical disdrometer served as reference to assess the absolute percent bias of calculated rainfall intensity using the data of different-resolution tipping-bucket rain gauges classically applied by climatologists and hydrologists in the Andean region. Additionally, the impact of the calculation method (tip counting versus cubic spline interpolation) was examined. The combined effect was assessed for different rainfall intensity classes (0-0.99, 1-1.99, 2-4.99, and 5-10 mm·h −1 ) and timescales (5, 10, 30, and 60 min). Additionally, the variation in percent absolute bias of the Davis rain gauge, the collector most widely used in the study region, was defined with respect to the Texas rain gauge along an elevation gradient between 3300 and 4000 m a.s.l. Results reveal that the value of the percent absolute bias is largest for small rainfall intensities (≤2 mm·h −1 ) and short timescales (≤10 min), and decreases when the cubic spline interpolation is used. No relation was found between the error, the elevation, and rainfall depth along the gradient. Based on the research findings, it is recommended to measure precipitation in the high Andean mountain region with a high-resolution sensor and to consider cubic spline for the computation of intensities.
Introduction
Precipitation is a major component of the water cycle and is responsible for the deposition of fresh water on Earth-it provides the water for domestic, agricultural, and industrial uses, as well as aquatic and non-aquatic ecosystems, and its measurement is considered a most important task in hydrology [1] . Specifically, in the páramo eco-region of the northern Andes, a correct measurement of precipitation is essential given the economic, ecological, and social function of this ecosystem for the surrounding societies, and the overall fragility of the ecosystem. The páramo consists of a collection of neo-tropical alpine grasslands [2] , covering an area in the northern Andes of 35,000 km 2 [3] that is situated between 3000 and 4800 m above sea level (m a.s.l.) [4] .
The water regulating function of the páramo is increasingly amended by natural and human processes (global environmental change) [2, [5] [6] [7] , and requires correct conservation, management, and accurate measurement of the temporal and spatial variability of rainfall in the area. Variability in precipitation is due to topographic (orientation, elevation, and slope of the mountains) and climatic (prevailing wind, distance from the sea) influences, altered by the moist air that get blocked by the mountains [8, 9] . In fact, several studies in the northern Andes [10] [11] [12] have shown extreme spatio-temporal rainfall variability. For instance, as mentioned by Luteyn (1992) (as cited in [13, 14] ), gauges and a laser-optical disdrometer in the páramo region. The high resolution of the disdrometer produced accurate measurements of very low intensity rainfall, whereas for high-intensity rainfall (>5 mm·h −1 ) the measurements of TB rain gauges were more reliable.
Given the overall nature of low intensity nature rains in the wet páramo region of Ecuador, it is expected that the resolution of TB rain gauges and the estimation method used for the derivation of rainfall intensity considerably affect the accuracy of calculated rainfall intensity. In addition, considering that the uncertainty of rainfall intensities measured by tipping-buckets varies along its full spectrum (in fact, the lower the rainfall intensity, the higher the uncertainty), the authors decided to conduct the analysis over rainfall intensity classes instead of continuous data. Furthermore, since precipitation is affected by elevation, it is likely that the punctual estimation of error is insufficient, and it might be relevant to know how the errors vary along an altitudinal gradient. With respect to this, the objective of the study was the assessment of the errors in the calculation of rainfall intensities when using the most common brands and resolutions of TB rain gauges in a location and along an altitudinal gradient, both in the wet páramo ecoregion of the Andean Cordillera in Ecuador.
The first section of the paper presents the accuracy of the rainfall intensity derived from the precipitation data of three different resolution tipping-bucket (DRTB) rain gauges versus the rainfall intensity obtained using the rainfall data of a laser-optical disdrometer, considering respectively the effect of the method of calculation, the data-aggregation timescale, and the magnitude of the computed rainfall intensity. The second section of the manuscript examines the effect of elevation on calculated rainfall intensity using the data of the most common TB rain gauge (Davis Rain Collector II) versus the higher-precision Texas rain gauge. Lack of funding did not permit us to use a laser-optical disdrometer as a reference in each location along the altitudinal transect in this analysis. The Texas TB rain gauge compared to the laser-optical disdrometer showed an underestimation of the annual rainfall of 8% [25] . Further, the relationship between errors, altitude, and cumulative rainfall was examined.
Study Area
Two representative observatories in the wet páramo ecosystem, located at each side of the western branch of the Andean Cordillera, were used in the study. The first site, the Zhurucay ecohydrological observatory, is located on the western flank of the cordillera, and consists of a single flat monitoring site of 200 m 2 equipped with three DRTB rain gauges (Davis, Onset, and Texas rain gauges with resolutions of 0.25, 0.2, and 0.1 mm, respectively), and one laser-optical disdrometer (resolution 0.01 mm). The installation height for all the rain gauges is 1 m, whereas the height of the laser-disdrometer is 1.5 m; the horizontal distance between each pair of TBs is 2 m. All the sensors were installed following the manufacturer's and the World Meteorological Organization's recommendations to assure accurate measurements and comparability of results with other studies [35] [36] [37] . The second observatory, the Quinuas ecohydrological observatory, is located on the eastern flank of the cordillera along the altitudinal gradient of the Cajas National Park, and has three monitoring sites located at different elevations and distances (approximately 5 km between the two nearest sites and 9 km between the more distant sites); each site was equipped with a pair of DRTB rain gauges. Installation considerations are the same as those applied in the Zhurucay observatory.
Zhurucay Observatory
The Zhurucay ecohydrological observatory is situated in the Zhurucay catchment, affluent to the Jubones river basin in the western Andes mountain range, near the continental divide [24] , draining to the Pacific Ocean, and situated 85 km south-west of Cuenca city (3 • 03 S, 79 • 14 W). The observatory is a nested experimental catchment (7.53 km 2 ) designed to study the ecohydrological responses to rainfall, the runoff generation processes, and the interactions between water and the ecosystem [38] . Within the Zhurucay basin a nearly flat site, at an elevation of 3900 m a.s.l. covered with tussock grass and cushion plants, is equipped with a meteorological station, a single disdrometer, several rain gauges (installed side-by-side, 2 m from each other), and an eddy covariance system. A nearby hillslope is equipped with an array of water and solute monitoring devices for monitoring overland and subsurface flow water and natural chemicals. The average air temperature during the study period (21 February 2011 to 19 March 2014) was 6.1 • C and the average recorded relative humidity was 92%. The wind speed showed seasonal behavior, with the highest wind-speed average values below 4.3 m·s −1 .
Quinuas Observatory
The Quinuas eco-hydrological observatory in the headwaters of the Paute river basin, drains to the Amazon river, and consists of three monitoring sites: (i) Chirimachay ( 
Sensors
Three DRTB rain gauges and a disdrometer, with a different combination of sensors for each study area, were used for data collection. The main characteristics and resolution of the sensors, as supplied by the manufacturers, are given below. The complete denomination for each sensor includes a reference to the monitoring site (Table 1 ).
• The comparative analysis between the three TB rain gauges and the disdrometer in the Zhurucay observatory was conducted in the period from 21 February 2011 to 19 March 2014, and between the Davis and Texas TB rain gauges placed along the altitudinal gradient in the Quinuas area in the period from 1 January 2014 to 5 February 2016. The intervals with available data and the percentage of missing data for each sensor are shown in Table 1 .
All DRTB rain gauges were annually calibrated, consisting of a static calibration, which is referred to a database correction for the difference between the water volume that triggers a tip and the specified resolution of each TB rain gauge. Overall, the comparison of the static calibration (correction factor of the Davis vs. Texas rain gauge) shows in both study areas a higher underestimation (approximate relation 2:1) when the lower-cost TB rain gauge (Davis) was compared against the more efficient (in terms of material resistant to vibration, debris filter, etc.) rain gauge (Texas), which is almost three times more expensive. For example, the correction factors for the Davis and Texas rain gauge in Chirimachay were 7.6% and 3.4%, respectively.
On the other hand, as suggested by Shedekar et al. [39] and Vasvári [40] , a dynamic calibration for the correction of the under-catch errors caused by the motion of the buckets during precipitation events, was unnecessary given the nature of the overall low rainfall rates in both study areas. It was not possible to apply correction algorithms to the database considering that only a fraction of the dataloggers of the rain gauges were programmed to record the time of tipping. For the LPM, a field calibration was not performed because the manufacturer provided a calibration report, but the clocks of the sensors were synchronized on every field visit. The quality of the collection of data of each of the sensors was controlled by checking homogeneity and by monitoring the functioning every fortnight. Figure 1 shows the rainfall intensity distribution for both study areas. All DRTB rain gauges were annually calibrated, consisting of a static calibration, which is referred to a database correction for the difference between the water volume that triggers a tip and the specified resolution of each TB rain gauge. Overall, the comparison of the static calibration (correction factor of the Davis vs. Texas rain gauge) shows in both study areas a higher underestimation (approximate relation 2:1) when the lower-cost TB rain gauge (Davis) was compared against the more efficient (in terms of material resistant to vibration, debris filter, etc.) rain gauge (Texas), which is almost three times more expensive. For example, the correction factors for the Davis and Texas rain gauge in Chirimachay were 7.6% and 3.4%, respectively.
On the other hand, as suggested by Shedekar et al. [39] and Vasvári [40] , a dynamic calibration for the correction of the under-catch errors caused by the motion of the buckets during precipitation events, was unnecessary given the nature of the overall low rainfall rates in both study areas. It was not possible to apply correction algorithms to the database considering that only a fraction of the dataloggers of the rain gauges were programmed to record the time of tipping. For the LPM, a field calibration was not performed because the manufacturer provided a calibration report, but the clocks of the sensors were synchronized on every field visit. The quality of the collection of data of each of the sensors was controlled by checking homogeneity and by monitoring the functioning every fortnight. Figure 1 shows the rainfall intensity distribution for both study areas. 
Methods
The rainfall intensities were calculated prior to the quantification of the accuracy of the DRTB rain gauges versus the laser-optical disdrometer in the Zhurucay observatory, and the Davis versus the Texas TB gauges in the Quinuas observatory. The error, expressed in terms of the percent of absolute bias of the DRTBs in the Zhurucay observatory, was assessed for different categories of rainfall intensity, timescales, and method used to calculate rainfall intensity. For the Quinuas observatory the percent absolute bias of the Davis TB rain gauge with respect to the Texas TB rain gauge was defined at each elevation as a function of rainfall intensity class and timescale. In this experiment, the effect of calculation method used for the definition of rainfall intensity was not considered, and the bias was calculated by applying a third-degree interpolation method.
Methods for Rainfall Intensity Calculation
Two different methods were used to calculate rainfall intensity: Tip Counting (TC) and Cubic 
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Methods for Rainfall Intensity Calculation
Two different methods were used to calculate rainfall intensity: Tip Counting (TC) and Cubic Spline (CS). In the CS method, according to the studies of Wang et al. [22] , Padrón et al. [25] and Nystuen [41] , the event definition is based on the maximum time lapse between two consecutive tips recorded by the TB rain gauge of 0.1 mm-resolution, and if the time lapse between them is 30 min or less they are considered to belong to the same event. For the TB rain gauges with different resolutions, the maximum time lapse of each one was determined as a linear relation of the definition mentioned above. The number of precipitation events obtained are shown in Table 1 .
The main issue of the CS method is that occasionally the calculated intensities can have negative magnitudes, a problem happening more frequently when the rainfall intensities are low. However, for Zhurucay and Quinuas, it occurred in less than 10% of the cases. To overcome this problem, a null intensity was adopted for all minutes with negative values. The solution caused a small difference (on average less than 5%) between the actual and calculated volume of rain. To eliminate this difference, the intensities were slightly adjusted by equally distributing the difference over all the other 1-min intensities, following the recommendations of [22] .
For the LPM sensor, the intensities were obtained directly by integrating the volumes of all single droplets falling through the light beam produced by a laser-optical beaming source [29] . The CS method was not needed for the calculation of the rainfall intensity due to the excellent resolution of the LPM sensor (0.01 mm). The intensities were calculated per 1-min interval, but averaged and recorded every 5 min.
Intensity Magnitudes and Timescales of Data Aggregation
After calculating intensities, the intensity data were accumulated in four timescales, respectively 5, 10, 30, and 60 min, simply by aggregating the data. The timescales selected are the ones used in most studies and hydrological models. For instance, Nystuen [41] suggests that at least a 10-min timescale should be used for hydrological applications of the radar data; therefore, a 10-min timescale rainfall data coming from punctual ground measurements is needed to calibrate the radar. Another example is related to erosion models, which commonly employ 30-min timescale precipitation data. The rainfall intensity classes were defined based on their exceedance curves, following the recommendations of [26] . For both study areas, Zhurucay and Quinuas, the categories of 0-1, 1-2, 2-5, and 5-10 mm·h −1 were defined. The defined intensity categories were considered for each timescale to evaluate the effect of both timescale and intensity magnitude on the error.
Methodology to Calculate the Error
The percent absolute bias between two rain gauge measurements is expressed as:
where x i and y i are the rainfall measurements registered by the TB rain gauges and the reference sensor, respectively, for the interval i; n is the number of intervals during which at least one of the sensors registered rainfall; and y is the average rainfall measurement of the reference sensor. This indicator was used as measure to compare the accuracy of the calculated rainfall intensities using the TC and CS method and the data of the DRTB gauges [26, 41] . For Zhurucay, the intensity given by the LPM was adopted as the reference, whose resolution (0.01 mm) is 10 times higher than the resolution of the most accurate Texas TB rain gauge used in this study, and at least 20 times higher than the widely applied Davis TB rain gauge in the Andes region. In Quinuas, the data of the Texas TB rain gauge was considered the reference for the computation of the percent absolute bias of the Davis TB rain gauge in each of the three monitoring sites along the altitudinal gradient.
Analyzing the Effect of the Andean Altitudinal Gradient on Cumulative Rainfall and Intensities
For the variation in errors along an altitudinal gradient in the eastern flank of the Andean Cordillera in Ecuador, the second objective of this study, the relation between errors, altitude, and amount of precipitation, was evaluated. Errors were calculated considering the magnitudes of intensity and timescales of the common TB rain gauge used in the Andes region (Davis Rain Collector II, resolution 0.254 mm) versus the Texas TB rain gauge. The hypothesis is that errors are expected to remain constant, independent of the position along the altitudinal gradient. Figure 2 shows the value of the percent absolute bias of the DRTB gauges (Davis, Onset, and Texas) with respect to the LPM sensor in the Zhurucay observatory as a function of rainfall intensity, timescale, and rainfall intensity calculation method (TC or CS).
Results and Discussion

Effect of the Calculation Method for Rainfall Intensity, Rainfall Intensity Class, and Timescale on the Percent Absolute Bias
Results show that the error is inversely related to the timescale of data aggregation, with significant errors (up to 180%) for the timescales of 5 and 10 min. With respect to the magnitude of rainfall intensity, it was found that for the 5-min timescale, 95% of the rainfall intensities did not exceed 5 mm·h −1 , 75% did not exceed 2 mm·h −1 , and 50% did not exceed 1 mm·h −1 . The error is highly dependent on the magnitude of the measured rainfall intensity, and on the method of calculation. Lower intensities (<2 mm·h −1 ) produced higher errors, which were significantly lower when the CS method was applied instead of the TC approach (maximum reduction of 100% and 50% for respectively the 0-1 and 1-2 mm·h −1 intensity classes).
The minimum Spearman correlation coefficients (ρ) between the calculated intensities and their references were respectively 0.85 and 0.87 for the TC and CS method. In fact, regardless of the method of calculation, the correlation is inversely related to the timescale of data, with higher correlations for the 30 and 60 min (up to 0.95) timescale. Hence, the error tends to increase when the timescale decreases. A reduction in error was observed when the timescale increases for both the TC and the CS methods, as shown in Figure 2 . Furthermore, the data in this figure clearly illustrate that the percent absolute bias for the Davis_Zhu and Onset_Zhu rain gauges varies from 75% to 30% for rainfall intensities lower than 2 mm·h −1 and timescales of 5 and 10 min. For the Texas_Zhu rain gauge, percent absolute bias varies from 55% to 25%. Those results clearly show the difficulty in adequately measuring intensities with TB rain gauges in the páramo region, given the overall low rainfall intensities. Figure 3 presents the notched box-whisker plot of daily rainfall (mm·day −1 ) constructed for 5-min rainfall measurements along an altitudinal gradient in the study area. The distribution of the daily rainfall in Toreadora (3955 m a.s.l.) corresponds very well with the distribution monitored in the Chirimachay site (3298 m a.s.l.) with 50% of daily rainfall less than or equal to 1.48 and 1.46 mm, 75% of the daily rainfall less than or equal to 4.55 and 4.99 mm, and 90% of the daily calculated rainfall depths less than or equal to 12 and 12.4 mm. The maximum recorded daily rainfall in both stations is respectively 27.76 and 26.92 mm. Daily rainfalls in the Virgen del Cajas site (3.626 m a.s.l.) are a bit lower with 50% of the events less than or equal to 1.05 mm, 75% of the daily rainfalls less than or equal to 3.76 mm·day −1 , 90% less than or equal to 12.1 mm·day −1 , and the maximum recorded daily rainfall depth was equal to 28.3 mm. The highest amount of rainfall that the lowest situated observation station (Chirimachay) received over the two-year study period was 2540 mm, which a bit higher than the total rainfall amount recorded in the highest situated station (Toreadora), 2407 mm. In the Virgen del Cajas station, situated at an elevation of 3620 m a.s.l. in between the two other stations, a total rainfall amount of 2140 mm was recorded. The total collected rainfall depth and distribution of daily rainfall depths in the three sites are not very different, supporting the hypothesis that there is no evidence of a significant difference in rainfall pattern along the altitudinal gradient. Figure 3 
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and 90% of the daily calculated rainfall depths less than or equal to 12 and 12.4 mm. The maximum recorded daily rainfall in both stations is respectively 27.76 and 26.92 mm. Daily rainfalls in the Virgen del Cajas site (3.626 m a.s.l.) are a bit lower with 50% of the events less than or equal to 1.05 mm, 75% of the daily rainfalls less than or equal to 3.76 mm•day −1 , 90% less than or equal to 12.1 mm•day −1 , and the maximum recorded daily rainfall depth was equal to 28.3 mm. The highest amount of rainfall that the lowest situated observation station (Chirimachay) received over the two-year study period was 2540 mm, which a bit higher than the total rainfall amount recorded in the highest situated station (Toreadora), 2407 mm. In the Virgen del Cajas station, situated at an elevation of 3620 m a.s.l. in between the two other stations, a total rainfall amount of 2140 mm was recorded. The total collected rainfall depth and distribution of daily rainfall depths in the three sites are not very different, supporting the hypothesis that there is no evidence of a significant difference in rainfall pattern along the altitudinal gradient. Figure 4 shows the percent absolute bias of the Davis TB rain gauge with respect to the Texas TB rain gauge, used as reference along the altitudinal gradient. Analog to the findings in Zhurucay, significant errors were found at short timescales (5 and 10 min) and for low intensities (<2 mm•h −1 ). There is no relation between altitude, amount of precipitation, and error. In fact, comparing the three monitoring sites, results show that the range of errors for each timescale and intensity categories were lower than 20%. Moreover, similar error values (Davis compared to Texas rain gauges) were found when comparing the páramos of Zhurucay and Quinuas, indicating that there is not a clear influence of the altitudinal gradient on the magnitude of the error bias. The average depth of rainfall events was 2 mm (63% of the events even less than 1 mm) and 1 mm, in the Zhurucay and Quinuas observatories. Furthermore, in Zhurucay, 80% of precipitation falls in the form of drizzle, whereas in Quinuas drizzle represents 95% of the precipitation. Notwithstanding, the overall low intensity of rainfall events in the study region, with storms of 1 mm Figure 4 shows the percent absolute bias of the Davis TB rain gauge with respect to the Texas TB rain gauge, used as reference along the altitudinal gradient. Analog to the findings in Zhurucay, significant errors were found at short timescales (5 and 10 min) and for low intensities (<2 mm·h −1 ). There is no relation between altitude, amount of precipitation, and error. In fact, comparing the three monitoring sites, results show that the range of errors for each timescale and intensity categories were lower than 20%. Moreover, similar error values (Davis compared to Texas rain gauges) were found when comparing the páramos of Zhurucay and Quinuas, indicating that there is not a clear influence of the altitudinal gradient on the magnitude of the error bias.
confirm that CS is a much more accurate method for calculating intensities.
Finally, contrary to the altitudinal distribution of the precipitation found by Rossenaar and Hofstede [16] , the amount of precipitation did not equally decrease with increasing altitude. From this it might be concluded, as stated by Shi et al. [42] , that in regions with large elevation variations, such as the Andes, high spatial variability of precipitation is likely dominated by local climate conditions (e.g., the orographic effect of the Andean Cordillera). 
Conclusions
Analysis of the precipitation data, independent of the type of sensor, reveals the overall low intensity of precipitation events in the páramo ecosystem (50% of the rainfall intensities do not exceed 1 mm•h −1 ; 75% do not exceed 2 mm•h −1 ; and 95% of the intensities are less or equal to 5 mm•h −1 ). The The average depth of rainfall events was 2 mm (63% of the events even less than 1 mm) and 1 mm, in the Zhurucay and Quinuas observatories. Furthermore, in Zhurucay, 80% of precipitation falls in the form of drizzle, whereas in Quinuas drizzle represents 95% of the precipitation. Notwithstanding, the overall low intensity of rainfall events in the study region, with storms of 1 mm or less, cannot be ignored in hydrological and meteorological models [35] . The study of [28] highlights that the use of TB rain gauges in the páramo region under-catches rainfall by not correctly intercepting drizzle rain. This issue also explains the high errors obtained when comparing intensities from TB rain gauges with the intensities from disdrometer data, regardless of the calculation method, and justifies for the study region the need for high-resolution precipitation monitoring sensors.
Ciach [20] found that the standard error for the TC method was three times the error for a linear interpolation method, considering a 10 mm·h −1 intensity and a 5-min timescale. Wang et al. [22] demonstrated that the CS algorithm is quantitatively better than the linear interpolation. It was found that in the páramo, the error for the TC method was 1.5 to 2 times the error for CS method, considering intensities lower than 10 mm·h −1 and a 5-min timescale. Consequently, the results of this study confirm that CS is a much more accurate method for calculating intensities.
Finally, contrary to the altitudinal distribution of the precipitation found by Rossenaar and Hofstede [16] , the amount of precipitation did not equally decrease with increasing altitude. From this it might be concluded, as stated by Shi et al. [42] , that in regions with large elevation variations, such as the Andes, high spatial variability of precipitation is likely dominated by local climate conditions (e.g., the orographic effect of the Andean Cordillera).
Analysis of the precipitation data, independent of the type of sensor, reveals the overall low intensity of precipitation events in the páramo ecosystem (50% of the rainfall intensities do not exceed 1 mm·h −1 ; 75% do not exceed 2 mm·h −1 ; and 95% of the intensities are less or equal to 5 mm·h −1 ). The error, measured by the percent absolute bias (without considering correction algorithms), is large for the TB rain gauges for rainfall intensities below 2 mm·h −1 and short timescales (5 to 10 min). The percent absolute bias of rainfall intensity for those intensities and timescales is considerably less when using the Cubic Spline (CS) method rather than the Tip Counting (TC) approach. The position of the rain gauge along an altitudinal gradient has no significant effect on the calculated error; in fact, there is no relation between altitude, cumulative rainfall depth, and error value.
Monitoring with TB rain gauges with a resolution of 0.1 mm or less results in a significant reduction of the uncertainty. Our findings support the suggestion that accurate monitoring of rainfall in the Andean region requires the use of high-resolution rainfall equipment. Implementation involves a step-wise replacement of the existing infrastructure of tipping-bucket rain gauges by high resolution laser precipitation sensors. A more accurate measurement of precipitation, a crucial input in most hydrological models, might lead to a better understanding of the complex hydrology of the páramo ecoregion. Nevertheless, despite a reduction of errors, uncertainty remains to be considered in decision-making of water management resources problems.
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